The acoustics of elastic-shelled bubbles are of interest in applications ranging from biomedical imaging, to fisheries acoustics, to underwater noise abatement. Multiple models exist to predict the velocity and attenuation of sound propagating through water containing encapsulated bubbles, but existing measurements have yet been able to confidently verify model accuracy for void fractions above about 10-3. The effect of shell thickness was studied in this work using tethered, rubber-encapsulated bubbles bearing shells of varying thickness, deployed within a one-dimensional resonator apparatus. In previous work, resonator modes below the individual bubble resonance frequency (IBRF) were exploited to extract inferences of sound speed, but this is a regime where there is little difference between competing model prediction. In the present work, an increased understanding of the modal field inside the resonator has extended this technique to just below IBRF and to well above IBRF, both regimes where model behavior diversifies, thus providing a new opportunity for model verification. Measurement-model comparisons will be shown for encapsulated bubbles with radii ranging from 13 mm to 30 mm, void fractions ranging from 8.4×10-4 to 1.1×10-2, and shell thicknesses ranging from 0.018 mm to 0.16 mm. [Work supported by the Office of Naval 
MOTIVATION
Several models exists for sound propagation through encapsulated bubbles (bubbles and shells). This study involves acquiring experimental phase speed information for sound propagation through relatively high void fraction encapsulated bubbles and producing a comparison with existing and developing models. The analytical models used for comparison here are the Church model (Church, 1995) , which accounts for the shell and a hybrid Church-Kargl model (Kargl, 2002; Lee, 2012) , that combines Church's approach to account for the shell, and Kargl's approach to account for the multiple scattering effects that become important at sufficiently high void fraction.
RESONATORS
This study employs a resonator technique in order to determine the sound speed and attenuation through various effective media of encapsulated bubbles. The current technique has been used successfully to determine the effective acoustic properties of freely rising bubbles , methane hydrates (Greene, 2010; Greene et al., 2011) , seagrass (Wilson and Dunton, 2009) , fluid-like gas-bearing sediments , and encapsulated bubbles (Lee et al., 2011) . This is the first study however to include the effect of shell material and thickness, as a means to further validate predictive models.
The classical modes in open-open pipes with rigid walls are well known. The method for determining sound speed in this study is based upon these resonances. The phase speed, c phase , of the medium in the resonator tube (see Fig. 1 ) is determined by utilizing the relation in equation (1), where f is the resonance frequency, and λ is the wavelength of the resonance mode.
Ideally the boundary conditions would be pressure release and the side walls would be rigid. Unfortunately neither of these conditions are valid in the experimental setup. With respect to the upper condition of the tube (an air-water interface) the pressure release assumption is reasonable; however, an unbaffled piston radiation impedance is used to account for energy radiating from the system. Generally foam is used at the lower boundary to provide a pressure release condition when performing tests in water, however with sound propagation in encapsulated bubbles the specific acoustic impedance of the material in the resonator is much closer to that of closed-cell foam and couples better. This causes the bottom boundary condition to deviate from ideal conditions; however, this boundary can effectively be treated as a three-medium problem and accurately modeled. For the experimental measurements, a corrected wavelength is determined by adjusting the mode number. This is done by determining the non-dimensional location of the last node,x = x/L, in the tube and using equation 3 to find the adjusted mode number m adj .
Another departure from ideal conditions comes from the finite impedance of the tube walls. Since the acoustic impedance of the walls above the bubble resonance frequency is not significantly greater than that of bubble-laden water, there is a large amount of coupling between the two. Several analytical models exist to determine how these fields couple, however for this case we used the model by Lafleur and Shields (1995) in order to determine how the phase speeds in the elastic waveguide relate to those in free space. Limitations of this model include the fact that it is lossless and as such does not account for the attenuation present. The model also predicts that there is a maximum phase speed for the system no matter how high the phase speed in the liquid gets, though our experimental data appear to exceed the maximum predicted value.
EXPERIMENTAL SETUP
A 1.98 m long aluminum pipe was oriented vertically to create the 1-D resonator. The bottom of the tube was capped with a latex membrane and a block of closed-cell foam was used to approximate a pressure release condition and support the pipe. The inner radius was 0.1015 m and the outer radius was 0.1085 m. A labworks ET-216HF shaker attached to a 3.81-cm-diameter piston was used to excite the tube. The shaker rested on a layer of closed-cell foam which in turn rested on the top rim of the aluminum pipe. A Reson TC4013 hydrophone was held in place by a stainless steel sheath connected to a scanning apparatus. This scanning apparatus allowed the hydrophone to be scanned along the length of the tube in order to map the modes. A schematic of the setup is presented in Figure 1 .
TEST CONDITIONS
Balloons of various sizes and wall thicknesses were tested. Table 1 lists the different cases. The thicknesses of the balloon walls were determined by two methods. The first method involved using a specific gravity flask to determine both the volume and the density of the shell material, which was then assumed to be uniformly distributed around a sphere. The second method involved drawing a circle on the inflated balloons, measuring the diameter, then measuring the area of the circle and thickness of the material when the balloon was deflated. The area of the circle when the balloon was inflated, A r , can be found using equation (4) whereas the area of the circle when the balloon was deflated, A 0 , was determined by flattening the circle and measuring the diameter. 
where r is the radius of the balloon, a = radius of the circle on the balloon's surface. The reference thickness for the inflated balloon, t r , can be determined from these measurements using Gent (2001) ,
The balloons were tethered with a monofilament line, evenly spaced, and anchored to the bottom of the tube with a pulley mechanism. A periodic chirp signal from 1 to 2000 Hz was sent to the shaker device eight times for each position and the response was recorded by the hydrophone. The hydrophone was scanned from above the free surface at the top of the tube to the bottom of the tube using a stepper motor with 102 measurements evenly spaced 1.91 cm apart. After the data was acquired the average of the Fast Fourier Transform (FFT) for each location were calculated.
RESULTS
Both of the propagation models shown here require three additional parameters compared to models for a shell-less bubbly liquid; these are the thickness, t, the shear viscosity of the shell, μ s , and the shear modulus of the shell G s . The thickness was determined using the area ratio method above. The shear viscosity has little effect on the results in the range of interest and was assumed to be 5 Pa⋅s. The shear modulus for natural latex rubber can range anywhere from 1.5 to 4.8 MPa in the frequency range studied (Capps, 1989) , and likely varies much more than that. The shear modulus is also nonlinear with static tension, so the modulus changes as the balloon is inflated. The range that this uncertainty (1.5 to 4.8 MPa) can occupy for the Church and the Church-Kargl model is shown in Figure 2 . The analytical curve labeled Commander & Prosperetti (Commander and Prosperetti, 1989 ) is for shell-free bubbles and is included for reference and to illustrate the effect of the shell. The remaining lines are determined by a least-mean-square fit of the shell shear modulus for all measurements below the bubble resonance. Figure 3 shows the spectra from a point near the lower boundary, the calculated phase speed, and the results of three models for sound propagation through bubbly liquids. The least mean square error, ⟨R 2 ⟩, is indicated in each figure along with the shear modulus, G s . For the phase speeds below and near the bubble resonance the mean square error indicated that use of the Church-Kargl model leads to a better fit for 5 of the 6 experimental cases.
The effect of the non-ideal bottom boundary condition is visible in Figure 4 . For both cases an additional mode is present which appears to be approximately a quarter wavelength. This mode can not be used to determine a phase speed however, since there is no zero available to correct the mode number.
CONCLUSIONS
The analytical model used in this study accurately predicts the mode shapes and locations as shown in Figure 4 . The least-mean-square error between measurement and model is small for most of the experimental cases, though the Church-Kargl model seems to provide a better fit than the Church model. The shear modulus calculated as a fitting variable seems reasonable for the first four experimental cases, but grows to very large values when the bubbles are inflated more.
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